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DEFINITIONS 

The following definitions will be used throughout this 
chapter: 

Algorithm: Sequence of steps that describe the solution 
to a problem. 

Application-specific computer — embedded systems: A 
digital computer specifically designed to perform one or a 
very limited set of functions. It usually executes a small set 
of programs and uses specialized peripherals. 

Binary system: Numeric system that uses as base the 
number 2. In binary, numbers are represented using only dig- 
its 0 and 1. 

Cache memory: Fast storage elements used to store fre- 
quently used instructions or data. Cache memory is inte- 
grated in the same chip as the CPU (microprocessor or 
microcontroller). 

Hardware: Generic term that represents all physical com- 
ponents in a computer. 

Machine language: Binary representation of instructions 
and operands that can be interpreted by a computer. 

Operating system: Program that supports users to man- 
age computer resources. 

Program: Sequence of computer instructions that imple- 
ments an algorithm. 

Programming language: A set of instructions and syn- 
tactic rules that can be translated into machine language for 
execution by a digital computer. 

Software: Generic term that represents all programs that 
can be executed by a computer. 

INTRODUCTION 

Digitals systems are based on digital components such as 
microprocessor, microcontrollers, memory devices, digital 
inputs/outputs (I/O), and digital communication components. 
Microprocessors, microcontrollers, and computers together 
with appropriate supporting devices constitute the heart of 
modern digital system. They play an important role in data 
acquisitions, data processing, and control. 


Digital systems in process industry are applied mainly 
for the following: 

1. Data handling functions that include data acquisi- 
tion, data processing, information extraction, data 
compression, interpretation, recording, storage, and 
communications. 

2. Instrumentation control that includes sensors, actua- 
tors, system resources, and process controls. 

3. Human-machine interface is one of the significant 
roles of digital systems to provide a meaningful and 
flexible user interface to the operators for ergonomic 
information and control display. 

4. Experimentation and procedural development con- 
sists of commissioning, testing, and general prototyp- 
ing of the targeted system under investigation. 

5. Reporting and documentation is an important part 
for formulating the operational procedures and data 
recording. 

Digital technology, specially computers, invented in the 
mid-twentieth century, have revolutionized our world. 
Today, regardless of occupation, we can find digital sys- 
tems and computers practically in every aspect of our lives: 
at work, entertainment devices, transport, communica- 
tion equipment, automobiles, microwave ovens, washing 
machines, traffic lights, watches, mobile phones, garden 
watering systems, house alarms, coffee-making machines, 
toys, manufacturing cells, and so on. The list endlessly 
goes on. 

In this chapter, microprocessors, microcontrollers, and 
digital signal processors (DSPs) will briefly be explained. 
The main emphasis will be given to digital computers and 
computer systems. Recently, field programmable gate arrays 
(FPGAs) are finding substantial applications in process con- 
trol and automation; hence, they will also be explained. All 
the main components are supported by other digital devices 
such as the memory, I/O devices, and so on. They will not 
be explained in detail but they will be referred to when 
necessary. 
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MICROPROCESSORS, MICROCONTROLLER, 

AND DIGITAL SIGNAL PROCESSORS 

In order to be able to understand the functionality of modern 
digital systems, it is important to appreciate the basic archi- 
tecture of microprocessors, microcontrollers and DSPs. 

Microprocessors 


RISC microprocessors have the following features: fewer 
transistors dedicated to the core logic, uniform instruction 
format for less decoding, identical general-purpose registers, 
simple addressing modes, byte string instructions. There are 
two 64-bit RISC architecture microprocessors although not 
used in embedded applications. 

A short list of current manufacturers and examples of 
microprocessors are given in Table 17.1. 


Microprocessors are integrated circuits (ICs) that handle and 
process data in binary format. Microprocessors incorporate 
most or all of the functions of a central processing unit (CPU) 
of a computer on a single IC, or microchip. A typical micro- 
processor architecture is shown in Figure 17.1. 

Microprocessors are produced as 4-bit, 8-bit, 16-bit, 
32-bit, 64-bit, multi-core, reduced instruction set computer 
(RISC), and special-purpose designs; 4 to 32-bit micro- 
processors find applications in some computers as well 
as embedded systems and intelligent instruments, 64-bit 
microprocessors form the basis of modern personal comput- 
ers (PCs). 

There are numerous multi-core processors on the mar- 
ket. A multi-core processor is a single-chip device containing 
more than one microprocessor core, effectively multiplying 
the potential performance with the number of cores. Some 
components, such as bus interface and second-level cache, 
may be shared between cores. Because the cores are physi- 
cally very close, they interface at much faster clock rates 
compared to discrete multiprocessor systems, improving 
overall system performance. In 2005, the first PC dual-core 
processors were announced and as of 2009 dual-core and 
quad-core processors are widely used in servers, worksta- 
tions, and PCs while six- and eight-core processors will be 
available for high-end applications in both the home and pro- 
fessional environments. 



<=> 

System 
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Microcontrollers 

Microcontrollers are special microprocessors that have built- 
in memory and interface circuits within the same IC. Typical 
families of microcontroller are the Motorola MC68HC11 and 
the PIC microcontroller. They are extensively used in process 
and automation. Some examples are given in references [1-5] 
and many more. 

A microcontroller can be defined as a single-chip device, 
which has memory for storing information, and is able to 
control read/write functions and manipulating data. The per- 
formance of a microcontroller is classified by its size, that 
is, the number of bits that the CPU can handle at a time. 
There are many types or families of microcontrollers avail- 
able, which are offered by a diverse range of manufacturers. 
Therefore, it is necessary to understand the differences in 
the characteristics of different families in order to select an 
appropriate microcontroller for a specific task. Some of the 
microcontrollers are listed in Table 17.2. This is by no means 
exhaustive; everyday many microcontrollers are introduced 
on the market place with new or improved features. 

Programs for microcontrollers to perform specific tasks 
are written in either assembly codes or high-level languages 
such as Basic or C. The program written for another digital 
device can be downloaded into the system memory through 
the serial communication port of the microcontroller. All 
high-level programs are compiled into machine language 
for execution. There are significant numbers of compilers 
available on the market for the different families of micro- 
controllers. In addition, microcontroller emulators are also 
available. The emulator of a specific microcontroller essen- 
tially is software that can be programmed as the microcon- 
troller itself on a computer. 

Embedded systems are essentially microprocessors or 
microcontrollers with added components to perform func- 
tions within a device (Figure 17.2). In applications, microcon- 
trollers are used due to their size, cost, and power efficiency. 
The features of microcontrollers with built-in memory and 
interface circuits make them attractive to be used in embed- 
ded systems. Program that is written both in low-level lan- 
guages as well as high-level languages are compiled and 
downloaded onto the memory of the controllers. 

Digital Signal Processors 


FIG. 17.1 Computational demands of many digital signal processing 

A typical microprocessor architecture. applications require fast execution of programs and suitable 


© 2012 by Bela Liptak 


17 Digital Technology Fundamentals, Microcontrollers, Microcomputers, and FPGAs in Processes 305 


TABLE 17.1 


A Partial List of Microprocessor Manufacturers and Some Examples of Their Products 


AMD 

AMD64, AMDK7, flash memory and embedded products 

Atmel 

AT89C51ID2, AT, 91RM9200, memory, RF components, etc. 

Cypress 

CY7C601, FPGAs, memory, etc. 

Dallas 

DS89C420, sensors, AD components 

DEC 

Alpha CPUs 

Fairchild 

F38050, F6800 

Fujitsu 

MBL80188, MB86903, etc. 

Harris 

MD80C86, CS80C286 

Hitachi 

HD68000Y-PGA 68K 

HP 

PA-RISC and other server chips 

IBM 

RS6000, PowerPC 

IIT 

2C87— Gold DIP 287, 3C87 PPGA 387 

Intel 

C8086, Itanium, ROM, SRAM, wireless components 

LSI 

FPGAs and logic chips 

Microchip 

PIC16C72/JW and other supporting chips 

Mitsubishi 

80C85AFP2, and Intel clones 

Mostek 

MK3880P, MK3850, etc. 

Motorola 

MC68000, MC6800L, DSPs wireless chips 

National semiconductors 

INS4004D, INS32032, RISC CPUs 

NEC 

D7810HG, V40, etc. 

Performance semiconductors 

PR3010A-33SG84C, other military standard chips 

Rockwell 

R65001, other multimedia chips 

Samsung 

KP21264, memory devices, DRAMs 

Sharp 

LH5080A, appliance chips 

Siemens 

SAB 8080, memory chips 

Signetics 

2650AI, N8X300, etc. 

Sony 

CXQ 70108, CXD 8561, playstation chips 

Sun 

STP1030ABGA, SME1040LGA, server chips 

Texas instruments 

TMS9900, TMS390, DSPs, MEMs, cellular phone components 

Toshiba 

TC86R4400MC-RISC, TMP68000YC, CMOS RAM, etc. 

VLSI 

VL65C816, ASIC chips 

Zilog 

Z70108, Z8018006VSC, memory chips 


TABLE 17.2 

A Partial List of Typical Microcontrollers 


Number of Bits 

Family 


8 Atmel's AVR 8-bits RISC, Cypress’ CY8C25, Intel 8742, Dallas 8051 family, Motorola 68HC1 1, National Semiconductors COP8, 


Rabbit semiconductors 740, Texas Instruments TMS 370, Xemics SE 80000 

16 Toshiba TLCS-900, Texas Instruments MSP 430, Renesas Electronics M16C, National Semiconductors CR16, Intel MSC 96, Infineon 

Cl 66 family, Atmel AT91SAM 

32 Atmel AVR32, Epson Semiconductors S1C33 family, Fujitsu FR-V family, Infineon Tricore family, NXP Arm9, Renesas Electronics 

V850, Texas Instruments C2000 


computer hardware. There are specialized type microproces- 
sors that involve partial computer architecture, which are 
known as the DSPs to fulfill fast operational needs. 

The DSPs incorporate special hardware features that 
are capable of speeding up calculation for digital filtering, 
fast fourier transforms (FFTs), and other frequency-based 
algorithms. Needless to say that modern general-purpose 
microcomputers can also address the needs of digital signal 


processing by adding some of the necessary hardware and 
special instructions. As a result, distinction between the 
DSP processor and microprocessors, in general, is in the 
degree of specialization. A typical DSP has two data memo- 
ries, denoted as X and Y. For the implementation of signal 
processing, say FIR, A- memory can be used to store the 
samples of input signals, and K-memory to store the impulse 
response. 
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FIG. 17.2 

A simple microcomputer-based embedded system. 

As compared to many other microprocessor and com- 
puter applications, the typical computational load carried 
by DSP can be quite demanding, but at the same time algo- 
rithmically simple. Typically, most of the processor’s time is 
spent in processing loops with comparatively few branches, 
and performing repetitive operations. Another important, 
frequently used feature in DSPs is the storage capability and 
the flexibility to move large amounts of data. Again, although 
required bandwidth can be very large, such movements are 
usually straightforward, such as manipulation of information 
coming from the A/D converters. 

One of the main characteristic of the DSP processors is 
the capability of handling integers that they are designed 
for. Most of the existing DSP processors are either 16- 
or 32-bit devices. For example, the Motorola DSP56300 
processors are 24-bit integer processors that offer a com- 
promise between inexpensive 16-bit and powerful 32-bit 
devices. 



FIG. 17.3 

Generic architecture of a digital computer. 

sophisticated CPUs with moderate memory sizes and a stan- 
dard set of peripherals. Embedded systems usually contain 
small CPUs and memories, and specialized peripherals. 
Servers and data banks use fast CPUs, massive amounts of 
storage space, and a limited set of peripherals. Figure 17.3 
presents a block diagram of a generic digital computer. 

The architecture in Figure 17.3 is known as the univer- 
sal computing machine because, given the right program, 
it can simulate any algorithm. In other words, this com- 
puter can be transformed into different machines accord- 
ing to the programs it executes. We are probably too used 
to the fact that in order to turn our desktop computers into 
word processors, graphic editors, multimedia players, or 
Internet browsers, all we need to do to is execute different 
programs. 

To execute a program, the operating system places it first 
in memory. Then, the CPU executes instructions one at a 
time, in the order they are stored in memory. Instructions 
are typically very simple: add two numbers, store a result 
back in memory, or read the value of a peripheral’s input reg- 
ister. The power of modern computers does not come from 
the complexity of the instructions they execute, but from the 
sheer amount of simple instructions they can execute per sec- 
ond. In 2010, a top of the range microprocessor could execute 
close to 150,000 million instructions per second (Intel Core 
i7 Extreme Edition i980EE@3.3Ghz). 


COMPUTER ARCHITECTURE 
CPU, Memory, 1/0 

In industry, improvements in manufacturing processes have 
been closely coupled to the evolution of computers, and very 
often new computers are been invented to satisfy specific 
industry needs. This chapter will analyze the nature of some 
of these interrelations with reference to process industry and 
automation. 

All computers have three distinct elements: CPU, stor- 
age elements or memory, and interfaces to I/O devices or 
peripherals. The complexity and size of these elements 
will determine the performance and application of a par- 
ticular computer. General-purpose computers have very 


Memory Subsystem 

To increase performance, the memory subsystem in 
Figure 17.3 has been divided into a hierarchy of devices. 
Every type of memory offers different advantages in terms 
of speed, capacity, and cost. There is always a trade-off: the 
faster the memory, the more expensive it is. Also, the big- 
ger the memory, the slower it usually is. Figure 17.4 shows 
a graphical representation of the memory hierarchy associ- 
ated to a computer. Devices closer to the tip of the pyramid 
are faster, but smaller in density and more expensive. The 
numbers along the sides of the pyramid indicate the order of 
magnitude for size (bytes) on the left, and access time (sec- 
onds) on the right. 

In Figure 17.4, at the top of the pyramid we find the 
internal registers. These are the fastest storage elements in 
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FIG. 17.4 

Computer memory hierarchy. 


a computer. They are an integral part of the CPU and there 
are only a handful of them, typically less than 128. Registers 
are also known as Level 1 cache memory (LI cache). Level 
2 cache memory (L2 cache) is integrated in the same chip 
with the microprocessor. L2 cache stores instructions and 
data recently used. When a CPU is executing instructions, 
it looks for them first in the cache memories, if the instruc- 
tions are not found there, then they are executed from the 
main memory. Main memory is external to the CPU, there- 
fore slower than cache memories. Table 17.3 shows the size 
of the cache memory in some popular microprocessors and 
microcontrollers. 

Microprocessors are designed to process large amounts 
of data as fast as possible; hence they have more registers 
and faster clocks. On the other hand, microcontrollers are 
designed to control numerous peripherals, usually integrated 
in the same chip. Therefore, microcontrollers have fewer 
and smaller general-purpose registers than microprocessors. 
Keeping the clock speed low facilitates the integration of 


more devices in the same chip and keeps power consump- 
tion low, which is an advantage in battery-operated devices. 
Microprocessor architectures are more sophisticated than 
those of microcontrollers. Modern microprocessors are tightly 
coupled to the operating systems they run, and it is common 
to have an architecture evolving to match the requirements 
of a particular operating system. Intel microprocessors are 
tightly coupled to the evolution of Microsoft™ Windows® 
operating system, for example. The architecture of microcon- 
trollers, on the other hand, is more hardware-oriented. 

Computers in Industry 

Over the years, computers have gradually become part of 
every stage in a production chain [6-10]. In the early days, 
digital computers replaced analogue systems to improve the 
reliability of control systems. Digital computers based on 
solid-state components (transistors) were orders of magnitude 
more reliable than their thermionic valve-based counterparts. 


TABLE 17.3 

Cache Memory in Popular Microprocessors and Microcontrollers 


Microprocessor or Microcontroller 

Clock Frequency 

# General-Purpose Registers 
(LI Cache )/Size, Bits 

L2 Cache, MB 

Intel Pentium 4 

3.8 GHz 

128/64 

i 

Freescale PowerPC G4 

1.5 GHz 

32/64 

i 

AMD Athlon 

3.2 GHz 

32/64 

2 

Atmel 8051 

60 MHz 

2/8 

N/A 

Atmel AVR 

32 MHz 

32/8 

N/A 

Texas Instruments MSP430 

20 MHz 

16/16 

N/A 

Microchip PIC32 

80 MHz 

32/32 

N/A 
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FIG . 77.5 

The production chain. 

As digital computers gradually became smaller, faster, and 
cheaper, they were incorporated into more stages of the pro- 
duction chain. 

For the purpose of this discussion, a production chain 
will be defined as the series of stages needed to produce 
something. The final product could be a service — like elec- 
tricity — or a physical object — like a book. Figure 17.5 shows 
the stages of a production chain, as considered in this chap- 
ter. Broken lines indicate information flowing back to the 
production chain. This information is analyzed to improve 
the corresponding stages. 

There are basically two ways in which computers are 
used in industry: information systems and control systems. 
The following sections describe the type of computers used 
in each. 

Information Systems 

Information systems work on data: computers receive data 
in their inputs and produce data as outputs. Information sys- 
tems are human-oriented; their objective is to transform the 
Os and Is in computers into information that makes sense to 
users. Users in this case can be accountants, managers, sales 
persons, marketing people, engineers, and the company’s 
executive board. 

Information systems use general-purpose computers 
running especial software applications to store, retrieve, 
analyze, and visualize data. The size of storage elements — 
memories and hard drives — depends on the volume of infor- 
mation that needs to be stored and analyzed. The hard drives 
supplied with off-the-shelf PCs are usually enough for the 
day-to-day operation of small companies. In 2010, it was 
possible to buy computers with 320 GB internal hard drives. 
If additional storage space was needed, external hard drives 
with capacities of up to 300 TB were available from various 
manufacturers. 

Computationally intensive applications — such as 3D 
modeling or real-time simulation — require powerful proces- 
sors and big memories. In 2010, a typical PC for this sort of 
applications had a multi-core processor, running at 3 + GHz, 
with 4 GB of main memory. 

Computers run programs that aid managers to schedule 
and track the development of activities. Planning information 
systems use databases with information about human and 
material resources to create and evaluate different scenarios. 


Management of a supply chain requires reliable com- 
munication with suppliers and production departments. 
Computer networks play an important role in keeping infor- 
mation up to date. 

Control Systems 

Control systems work on signals. They receive signals as 
their inputs and produce signals as outputs. Control systems 
are machine oriented; their objective is to keep production 
processes in a stable state. This is achieved by reading sig- 
nals from sensors and producing control signals for actua- 
tors according to a control algorithm. Control systems can 
be related to our nervous system. Sensors would be the 
equivalent to our five senses: smell, touch, sight, taste, and 
hear. Through their sensors computers perceive changes in 
their environment. Signals from sensors convey information 
about particular aspects of a process, for example, tempera- 
ture, level, pressure, and motor speed. Control algorithms, 
typically a program run by a computer, use this information 
to control the actuators that keep the system in the desired 
operational points. 

Very recently, a new kind of processing system has been 
incorporated in the control of industrial processes: the field- 
programmable gate array or FPGA. FPGAs are ICs that 
can be configured to implement custom digital electronic 
designs. If the function needs to be changed, FPGAs can be 
re-configured in-circuit, that is, without removing them from 
the system. 

RECONFIGURABLE SYSTEMS 

Advances in the semiconductor industry allow the fabrica- 
tion of ICs with an ever-increasing number of transistors. 
New ICs run faster than their predecessors without signifi- 
cantly increasing power consumption, at a fraction of the 
cost. Miniaturization has been taken to the point that a com- 
plete computer system with its memory and peripherals can 
be implemented in one single chip. This flexibility has made 
possible the design of a multitude of application-specific 
computer systems; consequently, the physical appearance of 
computers has radically changed in the past few years. 

Application-specific computers or embedded systems, 
usually have input and output peripherals to match their 
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FIG. 17.6 

Different kinds of embedded systems. 


application. Embedded systems can be found in domestic 
appliances, entertainment devices, industrial instrumenta- 
tion, manufacturing systems, transportation, telecommu- 
nication devices, etc. Figure 17.6 shows some examples of 
modern embedded systems. 

Up to very recently, most embedded systems were based 
on the architecture of general-purpose computers, that is, a 
processing unit executing programs stored in a memory to 
manipulate data and control I/O devices. However, a par- 
ticular kind of electronic circuits called field-programmable 
logic devices (FPLDs) is changing the way we design and use 
embedded systems. 
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FIG. 17.7 

Implementing a logic function using a ROM. 


FIELD-PROGRAMMABLE LOGIC DEVICES 

FPFDs are finding diverse applications in processes and auto- 
mation [11-14], They are basically ICs that can implement 
user-defined digital electronic functions, and can be pro- 
grammed and reprogrammed in the same board where they 
are. There is no need for special programming equipment. 

The idea of an IC whose functionality can be easily 
changed by the user has been around since the introduc- 
tion of semiconductor memories. The content of any Read- 
Only Memory (ROM) can be set such that each data bus line 
implements a logic function of the address lines. Figure 17.7 
shows an example of how to implement a logic function using 
a hypothetical 8 x 1 ROM (a ROM with eight 1-bit locations). 

In the late 1970s, the first reconfigurable logic devices, 
the programmable logic array (PLA) and the program- 
mable array logic (PAL), were introduced. Both devices are 
based on the sum of products architecture, that is, an AND 
array followed by an OR array. In PLAs, both arrays are 


programmable, while in PALs only the AND array is pro- 
grammable. Figure 17.8 shows the simplified architecture of 
PLAs and PALs. 

In the 1980s, Altera introduced the programmable logic 
device (PLD) and later the complex programmable logic 
device (CPLD). These devices combine several PLAs with 
a programmable interconnection matrix. Also, in the 1980s, 
Xilinx launched the first family of FPGAs. In 2010, Altera’s 
CPLDs and Xilinx’s FPGAs dominate the reconfigurable 
logic market and most field-programmable applications in 
industry are based on their devices. 

The fundamental difference between FPGAs and CPLDs 
resides in the way reconfigurable logic blocks are con- 
nected. In FPGAs, reconfigurable blocks are surrounded by 
highly sophisticated routing resources; whereas in CPLDs 
logic blocks are connected through a central interconnec- 
tion matrix. Figure 17.9 shows the simplified architecture of 
CPLDs and FPGAs. 
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FIG. 17.10 

FourSoC based on FPLDs. (a) Handwired systems, (b) software-based systems, (c) software-based + hardware accelerators, and (d) hand- 
wired systems + software providing ancillary services. 


The function implemented by FPGAs and CPLDs is 
defined by configuration bits that determine both the routing 
and function of logic cells. Most FPGA and CPLD architec- 
tures use small memories or look-pp tables (LUTs) to define 
the function of logic cells. 

FPLDs Selection Criteria 

There are many families of CPLDs and FPGAs commer- 
cially available. Each family has particular characteristics 
that make it more suitable for certain applications than oth- 
ers. Some devices have integrated peripherals to complement 
the reconfigurable fabric. Some are low-power devices, while 
others can achieve high speeds. Among the features that can 
be used to select FPLDs are the following: 

1. Programming technology (SRAM, fuses, FLASH) 

2. Size and complexity of function block (logic element) 

3. Control of internal flip-flops (set, reset, clock polarity) 

4. Embedded devices (clock managers, memory, micro- 
processor, high-speed I/O) 

5. Number and type of I/O pins 

6. Number of clock input pins 

7. Availability and robustness of development tools 

8. Availability of chips 

To find out about the latest developments in FPLDs, the 
reader is encouraged to visit Altera’s and Xilinx’s websites at 
www.altera.com and www.xilinx.com. 

Systems on a Chip in FPLDs 

Modern FPLDs can contain complete embedded systems 
that contain one or more processors, memories, peripherals, 
and custom logic. One characteristic of FPLDs is their high 


number of I/O pins. Some devices can handle hundreds of 
digital signals. There are different ways to implement sys- 
tems on a chip (SoC) in FPLDs for industry applications. 
Figure 17.10 shows four of them. 

The system in Figure 17.10a consists of custom logic only. 
No processor or execution of software involved. This kind 
of systems is well suited for high-speed applications or to 
implement hard-wired control algorithms. 

The system in Figure 17.10b is a conventional micropro- 
cessor-based system where all the functionally is defined by 
the executed software. In this case, the FPLD’s reconfigu- 
rable fabric acts only as glue logic between the processor and 
its peripherals. 

The system in Figure 17.10c is similar to the previous one 
but some of the processing is done by a custom co-proces- 
sor implemented in the reconfigurable fabric of the FPLD. 
Typical co-processors are high-speed signal processing, 
floating point arithmetic units, and multi-port memories. The 
custom IP could involve another embedded system complete 
with microprocessor, memory, and peripherals. 

Figure 17.10d represents a system where most of the pro- 
cessing is done in custom logic and a microprocessor-based 
system provides support functions like file management and 
user interface. In this approach, a real-time operating system 
is usually employed. 
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